ABSTRACT. We determined the nucleotide sequence of a portion of BamHI-C fragment of Marek's disease virus serotype 2 (MDV2) strain HPRS24 which was suspected to contain the homologue of the herpes simplex virus type 1 (HSV-1) gene UL10, encoding glycoprotein M (gM). An open reading frame whose translation product exhibited significant similarities to HSV-1 gM protein and respective proteins of other herpesviruses of 37.5% and 45.5% to 31.8%, respectively, was identified. A number of distinct transcriptional consensus sequences were found upstream of the first putative start codon of MDV2 UL10 protein. In transcriptional analysis, the gene was transcribed into an 1.5 kb RNA. The primary translation product comprises 424 amino acids with a predicted molecular weight of 46.9 kDa. The predicted MDV2 UL10 protein contains eight hydrophobic domains with sufficient length and hydrophobicity to span the lipid bilayer conserved in the genomes of all herpesviruses which have been sequenced so far. In the region located between the first and second hydrophobic domains, two potential N-linked glycosylation sites were presented. Interestingly, highly charged residues were abundantly possessed in the carboxy-terminal part of the MDV2 UL10 protein. By comparison of the amino acid sequence of the MDV2 UL10 gene with the homologues from other herpesviruses, the data might contribute for further evidence of the evolution of herpesviruses from a common progenitor and an ancient example of MDV2 belonging to the Alphaherpesvirinae subfamily. In addition, the existence of corresponding genes in human, mammalian, and avian herpesvirus genomes, suggests indirectly an important role for gM in the natural life cycle of the virus.-KEY WORDS: gM, MDV, MDV2, UL10.
throughout the Herpesviridae family, including homologues of herpes simplex virus type 1 (HSV-1) gB, gH, gL, and gM, and so far, others, such as gC, gD, gE, gG, gI and gK, are found only in the Alphaherpesvirinae subfamily [39] . In MDV genomes, eight glycoproteins, designated gB [33, 45] , gC [9, 20] , gD [7, 17, 48] , gE [7, 16, 48] , gH [36, 38] , gI [7, 18, 48] , gK [32, 43] , and gL [47] have been found. Amino acid sequence analysis characterizes most of these proteins as type I membrane proteins, comprising an aminoterminal hydrophobic region as a putative signal sequence and a carboxy-terminal hydrophobic region as a transmembrane domain resulting in location of most of the amino-terminal part of the protein on the outside of the membrane. Another class of herpesvirus membrane proteins, designated type III, are multiply inserted proteins characterized by several regions of hydrophobic amino acids. The HSV-1 genome contains four genes, UL10, UL20, UL43, and UL53, which are predicted to encode hydrophobic proteins with the potential to pass the membrane several times [28] . Especially, the protein encoded by the HSV-1 UL10 gene is predicted to contain eight transmembrane domains and has recently been described as a N-glycosylated component of the virion designated gM [4, 26] . The only nonessential glycoprotein conserved throughout the Herpesviridae family is gM [3, 26] . The gM homologue was first identified in human cytomegalovirus (HCMV) as integral membrane protein, a 45 kDa structural component of the virion [24] . In a number of alphaherpesviruses including bovine herpesvirus type 1 Pathogenic Marek's disease virus (MDV) serotype 1 (MDV1) is the causative agent of Marek's disease (MD), a lymphoproliferative disorder of chickens which results in T-cell lymphomas and peripheral nerve demyelination. An antigenically related nonpathogenic herpesvirus of turkeys (HVT) has been used as the first successful vaccine for MD. At present, a number of strains of naturally nonpathogenic MDV serotype 2 (MDV2) and the attenuated MDV1 are also used as effective vaccines, mainly in combination with HVT vaccines. Vaccines derived from all three serotypes offer different levels of protection against the disease either alone or in bivalent and trivalent combinations [10] . To develop a more convenient and effective vaccine, a better understanding of the pathogenic differences among MDV serotypes and the immune mechanism against MDV infection is required.
Of the about 80 proteins specified by alphaherpesvirus genomes, we are particularly interested in viral glycoproteins. Since the glycoproteins locate in the virion envelope and on the surface of infected cells, they constitute important targets for the host immune response. Further, they play important roles in pathogenicity by mediating entry of the virion into the host cell, fusion, and cell-to-cell spread of the virus. Several glycoproteins are conserved (BHV-1), equine herpesvirus type 1 (EHV-1), and pseudorabies virus (PRV), gM has also been shown to represent a major structural component of the virion [11, 31, 45] . Interestingly, it was recently demonstrated that the gM homologues were linked by disulfide bonds with a membrane-associated protein of UL49.5 gene product in mature virions of BHV-1 and PRV [19, 25, 45] .
Although MDV is somewhat difficult to manipulate experimentally, it has emerged as the most interesting herpesvirus, whose molecular structure is more related to the Alphaherpesvirinae subfamily but biological property is similar to the Gammaherpesvirinae subfamily. Further, MDV2 comprises naturally occurring nononcogenic strains of MDV in chickens and comparison of the viral genome structure and function with those of other oncogenic or nononcogenic strains of MDV is important for the understanding of pathogenic differences among MDVs and immune mechanism against MDV infection. As a first step in exploring the functional feature of genes in the MDV2 genome, we constructed the restriction-linkage map of MDV2 genome [30] . The MDV2 genomic library has recently led to identify the potential MDV2 membraneassociated genes homologous to the HSV-1 UL20, UL43, UL49.5 and UL53 proteins [13, 15, 43] . To extend these studies, we further determined the nucleotide sequence of a portion of BamHI-C fragment of MDV2 which was suspected to contain the homologue of HSV-1 UL10, encoding gM. In the present study, we describe a localization of the MDV2 UL10 gene, present its complete nucleotide sequence, and analyze its predicted precursor polypeptide, especially in relation to known properties of the glycoprotein.
MATERIALS AND METHODS

Cell culture and virus:
The preparation, propagation, and infection of primary chicken embryo fibroblast (CEF) cell cultures with MDV2 were performed according to previously described procedures [18] . MDV2 (strain HPRS24) was passaged in CEF cells at least 30 times prior to use in this study. CEF cells were grown in an equal amount of Medium 199 and Ham's F-10 nutrient mixture (Gibco BRL, Grand Island, NY) supplemented with 5% calf serum, 10% tryptose phosphate broth, and antibiotics at 37°C in a humidified atmosphere containing 5% CO 2.
DNA sequencing of an 1,778 bp fragment from the MDV2 (strain HPRS24) BamHI-C genomic library: Plasmid DNA manipulations were performed essentially as described by Sambrook et al. [35] . To obtain appropriate sizes of the subfragments from the BamHI-C fragment cloned previously in pUC19 [30] , a series of overlapping subfragments, representing the entire 12.8 kb of the BamHI-C fragment, were constructed in pBluescript SK+ vector (Stratagene, La Jolla, CA). Figure 1 details the genomic position of the 1,778 bp BamHI-SacI subfragment that was used for nucleotide sequencing. For subsequent DNA sequencing, plasmid DNA was prepared by a Wizard plus SV minipreps DNA purification system (Promega, Madison, WI) and then deleted by exonuclease III (Toyobo, Osaka, Japan) to construct deletion clones. DNA sequence was preformed with double-stranded plasmid templates and its nucleotide sequence was determined on both strands as described previously [18] . Extraction of total cellular RNA and northern blot hybridization: CEF cells were infected with MDV2 (strain HPRS24) or mock infected at 3 × 10 6 cells per a 60-mmdiameter dish. Calf serum concentration was retained 5% following the virus infection. To prepare total cellular RNA, monolayers of virus-or mock-infected CEF cells were harvested at 96 hr postinfection as decribed previously [18] . Total cellular RNA (10 µg per lane) was fractionated on 1.2% agarose-formaldehyde gel and transferred to nylon membrane filter (Biodyne, Pall BioSupport, NY). Hybridization was performed using a [α-32 P]dCTPradiolabeled DNA probe of StyI-XhoI subfragment (Fig. 1A ) under stringent conditions as described by Hirai et al. [14] .
Computer analysis of data: Nucleotide and amino acid sequences were analyzed with the University of Wisconsin Genetics Computing Group (UWGCG) program packages, BESTFIT and PILEUP. Homology of amino acid sequences between related herpesvirus gM proteins from the GenBank database was examined with the BESTFIT program, and multiple alignment was performed with the PILEUP program. Pairwise percentage identities were calculated by dividing the number of identical residues by the total number of residues in the aligned region of homology including gaps. Hydropathic analysis of the predicted nine herpesvirus gM proteins was generated by the method of Kyte and Doolittle [21] using the computer program GENETYX-MAC (version 9.0, Software Development Co., Tokyo, Japan). Dot matrix homology analysis of MDV2 gM protein against the counterparts of herpesviruses was conducted with the GENETYX-MAC package, HarrPlot 1.2.3, and the calculating method was described previously [40] .
Nucleotide sequence accession numbers: The GenBank database accession numbers included in this study were as follows: HSV-1 (D10879) [28] ; varicella-zoster virus (VZV; X04370) [10] ; EHV-1 (M86664) [42] ; PRV (X97257) [11] ; BHV-1 (AJ004801) [37] ; Epstein-Barr virus (EBV; V01555) [2] ; HCMV (X17403) [24] ; human herpesvirus 6 (HHV-6; M68942) [22] . The MDV2 UL10 sequence encoding gM homologue is contained in the DDBJ/EMBL/GenBank nucleotide sequence databases under the accession number AB021169.
RESULTS
Nucleotide sequence and gene arrangement of an 1,778 bp fragment from the MDV2 BamHI-C genomic library:
The location of the identified gene on the virus genome, pertinent restriction endonuclease sites, and the sequencing strategy are illustrated in Fig. 1A . A pUC-based plasmid library containing the BamHI fragments of the MDV2 (strain HPRS24) genomic DNA was previously established in our laboratory [30] . Given the general collinearity of alphaherpesvirus genomes, it became possible to predict the approximate MDV2 genomic positions and identify the corresponding MDV2 genes by alignment of nucleotide and deduced amino acid sequences. An 12.8 kb BamHI-C fragment, which is suspected to contain the homologue of the HSV-1 UL10 gene, was digested with restriction enzymes to obtain suitable subfragments for sequencing. To determine whether subfragments derived from the BamHI-C fragment have homology with the HSV-1 UL10 and other herpesvirus counterparts, several subfragments were sequenced and these nucleotide sequences were compared with those of the gM homologues (data not shown). From these results, the 1,778 bp BamHI-SacI subfragment was obtained containing the complete MDV2 UL10 encoding region, and its nucleotide sequence was determined as shown in Fig. 2 . The nucleotide sequences are numbered from left to right with respect to the orientation of the MDV2 genomic map. The fragment sequenced in this study partially contains the 5'-region of the gene homologous to HSV-1 UL9 immediately upstream of the gM homologous gene. Further the 3'-region of the gene homologous to HSV-1 UL11 is also partially contained downstream of the MDV2 UL10 gene (Figs. 1A and 2 ). The gene arrangement in the fragment is strictly collinear with those found in HSV-1 and other herpesviruses [2, 10, 11, 22, 24, 28, 37, 42] . Although a methionine codon exists directly in the first hydrophobic region at position 349, comparison with UL10 homologues of other herpesviruses favors more usage of the translational start codon at position 280 (Fig. 2) . In addition, a TATA box lies a position-137 to -131, and a CAAT box lies at position -159 to 155 upstream of the start codon of MDV2 UL10. Assuming that translation starts at the first methionine codon, the gene encodes 424 amino acids with a predicted molecular weight of 46.9 kDa. A putative polyadenylation signal possessing the DNA sequence AATAAA (nucleotides 1,570 to 1,575) followed by a GT cluster (GTGATTGT) was detected downstream of the proposed termination codon, TAG (nucleotides 1,552 to 1,554). This polyadenylation site would be consistent with the observed size of the transcript localized to this region (see below).
Analysis of MDV2 gM-encoded RNA: In order to confirm the transcriptional product(s) related to the MDV2 UL10 gene, northern blot analysis was performed. Total cellular RNA from the virus-infected cells was isolated, separated on a 1.2% denaturing agarose gel, and hybridized with a nick-translated DNA fragment spanning nucleotides 396 to 1,108 (StyI-XhoI) (Fig. 1A) . The MDV2 UL10-specific probe detected a single abundant 1.5 kb RNA only in RNA preparation isolated at 96 hr postinfection of the virus (Fig.  1B) . As MDV is a cell-associated virus and transmits in a cell-to-cell contact manner, it is difficult to analyze the kinetics of RNA expression in vitro. Although the 5'-and 3'-termini of the observed RNA are remained to be determined, this RNA size appears to correspond to the size of 1.43 kb calculated from the putative TATA box to the polyadenylation signal (Fig. 2) . The RNAs for the homologous reading frames in HSV-1 [5, 29] , HCMV [24] , and EBV [2] have also been detected with similar sizes of that of MDV2 in late phase of the virus-infected cells.
Analysis and structure of the predicted amino acid Fig. 2 . Nucleotide sequence and deduced amino acid sequence of a 1,778 bp fragment from MDV2 BamHI-C. The deduced amino acid sequence is given in the single-letter code above (MDV2 gM) or below (MDV2 homologues of HSV-1 UL9 and UL11) the respective nucleotide sequences and the stop codon is presented by asterisks. The orientation of the identified genes is shown as filled triangles. Proposed MDV2 gM RNA transcriptional elements are boldly underlined. While a number of restriction sites are underlined. Regions of the predicted polypeptide which contain a stretch of at least 15 mainly hydrophobic amino acids not interrupted by charged-neighboring amino acids and therefore predicted to be mambrane spanning are indicated by gray boxes and numbered above the equivalent boxes as I to VIII, respectively. + and -mark charged residues. The consensus sequence for addition of N-glycans found between the first and second hydrophobic domains is boxed.
sequence of MDV2 gM: The predicted amino acid sequence for the polypeptide encoded by the MDV2 UL10 homologous gene was also indicated in Fig. 2 . The protein deduced from the nucleotide sequence has features in common with membrane-spanning glycoproteins from other herpesvirus counterparts [2, 10, 11, 22, 24, 28, 37, 42] . The hydropathic analyses [21, 12] revealed stretches of hydrophilic amino acids at both termini of the MDV2 UL10 protein. At the amino terminus, the first 23 amino acids are mainly hydrophilic, and the carboxy terminus consists of 79 highly hydrophilic residues. Between these hydrophilic regions, the deduced MDV2 UL10 protein contains eight hydrophobic stretches with at least 15 nonpolar amino acids (Fig. 2) , and these hydrophobic amino acids are thought to be sufficient to span the lipid bilayer [1, 41] . A matter of particular interest is the presence of highly charged carboxy terminus as similar to those of all herpesviruses which have been sequenced so far. Of the carboxy-terminal 79 amino acids of MDV2 UL10 protein, 34 possess charged side chains, 15 of which are acidic and 19 of which are basic in character (Fig. 2) . The function of this highly charged domain is unclear at present. The overall structure resembles that of an intrinsic membrane protein, containing multiple membrane-spanning domains. In addition, two consensus sequences for addition of N-linked glycans (Asn-X-Ser/Thr) were identified at amino acids 40-51 and 68-70 in the region located between the first and second hydrophobic domains (Fig. 2) . The position of the second consensus sequence is conserved in all gM homologues (Fig.  3, boxed) . The predicted MDV2 UL10 protein was compared with respective proteins of other herpesviruses by using the UWGCG programs BESTFIT and FILEUP. Homologous counterparts have been identified in human and mammalian herpesviruses described above, but not in avian herpesviruses at present. The greatest homology was observed with the counterpart of EHV-1, followed by counterparts of other herpesviruses as shown in Table 1 . Multiple alignments indicated that only several amino acid residues, mainly located in the hydrophobic regions of the protein, were conserved in the nine herpesvirus proteins (Fig. 3) . The similar results were also obtained by the dot matrix homology analysis (data not shown). These results indicates that this region has functional importance among gM proteins. Although the overall sequences are not highly conserved, they have several features in common: (i) a short hydrophilic stretch of approximately 20 amino acids at the amino terminus; (ii) eight stretches of hydrophobic sequences of sufficient length to cross the membrane; (iii) a highly charged carboxy terminus; (iv) a consensus sequence for addition of N-glycans present between the first and second hydrophobic regions; (V) a conserved arrangement with adjacent genes. Further features are described below (see discussion).
DISCUSSION
Studies on MDV2 genome may be important for understanding the biologically nononcogenic nature of the virus. Our goal in the present and previous studies has been focused to dissect precisely on the genomic structure and function of different viral proteins among MDVs. One of the unusual features of MDV is its strictly cell-associated character in vitro and in vivo. The spread of MDV from infected cells is thought to occur by intracellular bridge formation [8] , which may require the expression of several glycoproteins of the virus-infected cell surface. Until now, eight structural glycoprotein genes gB, gC, gD, gE, gH, gI, gK, and gL have been identified in the oncogenic MDV1 and naturally nononcogenic MDV2 genomes, and except for the gK and gL genes, other equivalent genes have also been found in HVT. Furthermore, at least two potential glycoprotein genes, which are no apparent relation to any other known herpesvirus genes so far, have been identified within the MDV UL regions. One of these glycoprotein genes is located in the vicinity of the TRL-UL junctional regions of MDV1 [6] and MDV2 [unpublished data]. Similarly the other glycoprotein gene is found from the opposite side near the UL-IRL junctional regions of MDV2 [43] and HVT [33] . In addition to the glycoprotein genes described above, a number of genes homologous to the UL20, UL32, UL34, UL43, and UL49.5 of HSV-1 [28] , --------*The entire gM amino acid sequences deposited under the GenBank accession numbers as described in Materials and Methods were used, and the obtained values (% similarity/% identity) were generated using the UWGCG program BESTFIT, respectively.
which are predicted to be membrane-inserted proteins with several transmembrane segments, have also been sequenced and analyzed in the MDV2 genome [13, 15] . Recently, a MDV1 gene, which is named gp82 according to the apparent molecular weight and homologous to the HSV-1 UL32 and EHV-1 gp300, has been showed and characterized [23, 44] .
In this report, we have described the identification and structure of a MDV2 homologue of the HSV-1 UL10 (gM) based on the biochemical characteristics predicted from the amino acid sequence and their apparent homology with the equivalents of the Herpesviridae family.
Nucleotide sequence analysis of the 1,778 bp BamHISacI subfragment of the BamHI-C fragment revealed a long reading frame of 1,272 nucleotides which encodes a predicted polypeptide of 424 amino acids with a calculated molecular weight of 46.9 kDa (Figs. 1 and 2) . Upon computer analysis, the MDV2 gM protein showed some characteristic features (Fig. 2) . The amino-terminal region consists of a short hydrophilic sequence of 23 amino acids and resembles the hydrophobic signal sequences usually found in membrane-bound glycoproteins and considered to be necessary for the translocation of the growing polypeptide chain across membranes [27] . The hydropathicity plot of the entire protein shows eight sections of hydrophobic residues, each representing a protential membrane-spanning domain. The hydrophobic stretches might be interrupted by hydrophilic amino acids, a feature characteristic of membrane-spanning proteins. The carboxy-terminal part is remarkably hydrophilic and charged. Of the last 79 amino acids, 34 have charged side chains, and of the last 22 amino acids, 9 are negatively charged. The high percentage of hydrophilic residues at the carboxy terminus might explain the antigenicity of this part of the molecule, which was deduced from the facts that the expressed fusion protein of the hydrophilic region in the prokaryotic expression system was sufficient for it to be recognized by the viral antiserum, and the viral UL10 protein was detected with the antiserum prepared from the expressed fusion protein [4, 24] . MDV2 UL10 protein shows homology to predicted translation products from the Herpesviridae family (Table  1) . These proteins have also been suggested to be membrane-associated [2, 10, 11, 22, 24, 28, 37, 42] . In general, they have a similar distribution of hydrophilic and hydrophobic residues across the molecule. Differences are mainly restricted to the variable length of the hydrophilic carboxy-terminal part of the proteins. For MDV2, this part contains 79 residues, whereas shorter 18 residues of HHV-6 [30] and larger 134 residues of HSV-1 are also strongly hydrophilic. Alignment of the deduced amino acid sequence of MDV2 gM with other herpesvirus gM homologues showed many conservative substitutions throughout the entire sequence (Fig. 3) . The amino-and carboxy-terminal regions were considerably variable in amino acid homology although the overall lengths of the proteins were similar: MDV2, 424; EHV-1, 450; VZV, 435; PRV, 393; BHV-1, 411; HSV-1, 473; EBV, 405; HCMV, 372 and HHV-6, 344 residues. However, a carboxy-terminal region corresponding to amino acids 346 to 357 (RLIRAGLYHRRR) of MDV2 has residues that are conserved across all the gM homologues in this study. Two positively charged arginine residues are conserved across all gM homologues and further two other residues (alanine and histidine) are only aligned among alphaherpesvirus sequences. Notable homology across these proteins has mainly found within the putative hydrophobic regions, indicating that these regions have functional importance (Fig. 3) . Especially, the amino acid residues 41 to 70 of MDV2 located between the first (residues 24 to 40) and second (residues 94 to 115) hydrophobic regions showed significant similarities with equivalents of herpesviruses. This region contained several residues conserved all the proteins (proline, cysteine, and asparagine) and only alphaherpesvirus proteins (phenylalanine). The positions of the N-linked glycosylation sites among the gM proteins are not conserved well, although the asparagines at positions 68 of MDV2, 75 of EHV-1, 80 of VZV, 57 of PRV and BHV-1, 71 of HSV-1, 56 of EBV, HCMV, and HHV-6 fall in very close alignment with each other. The importance of these residues between MDV2 gM and the other gM homologues remains unknown although it may suggest a structural conformation requirement in this portion and some common biological function of the protein.
In summary, we have identified a homologous gene encoding the structural protein of the Herpesviridae family within the naturally nononcogenic MDV2 genome. The structural analysis of the predicted protein shows several features common to membrane-spanning glycoproteins. The high degree of conservation during evolution of the alpha-, beta-, and gammaherpesviruses suggests that these homologous genes have important functional domains in the replication cycle of the virus. As a part of viral envelope, this protein most likely represents a target for the immune system. Further experiments are currently in progress to characterize the protein features in the MDV2-infected cells and establish the role in the humoral and cellular immune responses.
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